Study design: Prospective assessment of cardiovascular parameters in individuals with spinal cord injury (SCI) in response to harness application and postural changes including orthostatic stress. Objective: To evaluate arterial blood pressure and heart rate (HR) with and without harness application during sitting, supine, and standing positions in able-bodied and SCI individuals. Methods: Measurements were obtained in all SCI research participants (n ¼ 11) before a locomotor training intervention and compared to data with able-bodied individuals (n ¼ 9). During standing, all research participants wore a harness and were suspended by an overhead, pneumatic body weight support system. Results: Resting arterial blood pressure and HR in individuals with cervical SCI were significantly lower during sitting than in thoracic SCI and able-bodied individuals (Po0.05). Orthostatic stress significantly decreased arterial blood pressure only in individuals with cervical SCI (Po0.05). Harness application had no effect on cardiovascular parameters in able-bodied individuals, whereas diastolic blood pressure was significantly increased in those with SCI. Orthostatic changes in cervical SCI when sitting were ameliorated by harness application. However, while standing with harness, individuals with cervical SCI still developed orthostatic hypotension. Conclusions: Level of injury to the spinal cord influences baseline cardiovascular parameters. Application of harness in individuals with SCI could alter baseline cardiovascular parameters and the response to orthostatic stress. This should be carefully considered when assessing effects of therapeutic interventions using body weight support in individuals with SCI.
Introduction
Abnormal cardiovascular control following spinal cord injury (SCI) is a well-documented phenomenon in humans and in animal models. [1] [2] [3] [4] [5] [6] [7] Persistent low resting arterial blood pressure is prevalent after cervical SCI and, to a lesser extent, after upper thoracic SCI. 8 However, individuals with both types of injury will often experience further reductions in arterial blood pressure in the upright posture (orthostatic hypotension). [9] [10] [11] [12] Futhermore, clinical observations suggest that SCI has been associated with an increased risk of mortality from cardivascular diseases including both ischemic and non-ischemic heart disease. 13 Decreased mobility, lack of exercise and unstable cardiovascular control in individuals with SCI are major contributors to the risk of development of cardiovascular diseases in this population. Unfortunately, when exercise programs are implemented in these individuals, the unstable cardiovascular control could also be a factor that prevents them from participation. Further, the presence of orthostatic hypotension significantly hampers and prolongs the rehabilitation period, increases length of hospitalization, and in many cases results in significant financial burden for the individuals and society. 14 Orthostatic hypotension is a common problem in individuals with quadriplegia and paraplegia, particularly in the acute phase. 10 Orthostatic hypotension does improve over time, although the reasons for this improvement have not been clearly established; potential mechanisms include vascular wall receptor hypersensitivity, increased skeletal muscle tone, some recovery of postural reflexes at a spinal level, adaptation of the reninangiotensin system, or other unknown mechanisms. 15 Locomotor Training (LT) using body weight support and a treadmill that practices standing and stepping has evolved from animal and human studies that indicate spinal interneuronal networks are highly dependent on continuous afferent feedback specific to these motor tasks. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Standing is considered beneficial for people with SCI who are confined to a wheelchair, as immobilization can contribute to secondary pathologies such as osteoporosis, leg muscle contractures, pressure sores, and muscle atrophy. 29, 30 However, little is known of the effect of body weight support training or standing on cardiovascular control in individuals with motor complete SCI. The ultimate goal is to evaluate whether stand LT training results in neuromuscular activation as well as activation of spinal autonomic circuits resulting in amelioration of abnormal cardiovascular control and specifically orthostatic hypotension in individuals with complete SCI. In this study, we evaluated the effects of harness application and changes in posture on cardiovascular parameters of SCI and able-bodied individuals.
Methods

Research participants
The UCLA Institutional Review Board approved the experimental protocol for the present study and each subject signed an informed consent form before participating in the study. Nine able-bodied individuals and 12 individuals with SCI volunteered for this study (Table 1 ). A clinician assessed the level and extent of SCI according to the American Spinal Injury Association (ASIA/IMSoP) impairment scale. 31 All research participants were classified as having a clinically complete SCI, as they were graded as ASIA A (no motor or sensory function below the lesion including the sacral segments S 4 -S 5 ). These individuals had a stable medical condition without underlying cardiopulmonary disorders. Able-bodied individuals were healthy with no history of cardiopulmonary disease. None of the research participants were taking any antispasticity or vasoactive medications during the study and were free from caffeine on the day of evaluation.
Experimental design
In all research participants (n ¼ 20), we measured arterial blood pressure and heart rate (HR) during different postural positions both with and without the application of a harness (Figure 1 ). Hemodynamic measurements were obtained during each event at 1-min intervals for 5 min for each event. The sequence of events were as follows: (1) sitting without a harness in their wheelchair (S); (2) lying supine on a mat table Figure 1 Harness application. Harness was placed on individuals in a supine position with straps located at the lower chest and upper abdomen (a). The pelvic band and legs straps were fastened to avoid slippage (b). The specialized harness was designed by Robertson s (Las Vegas, NV, USA) and was used in previous studies of locomotor training interventions. 16, 17 The modified climbing harness was designed to distribute the forces throughout the chest and pelvic bands and reduce the force through the straps. Forces specific to regions of the harness were not measured; however, participants most often commented on pressures at the edges of the chest band and pelvic straps. The harness was immediately adjusted to relieve excess pressure without a harness (SUP); (3) lying supine on a mat table immediately after harness application (SUP-H); (4) sitting with the harness applied in their wheelchair (S-H); and (5) standing with the harness applied with body weight support (ST-H). This sequence of postural changes (sitting to supine, supine to sitting, sitting to standing) was necessary to eliminate multiple stages of transfers of patients and for the practical application of the harness before using the body weight support system ( Figure 2 ). Individuals did not exercise, walk, or propel their wheelchair for at least 10 min before the baseline hemodynamic measurements. During standing, ablebodied (n ¼ 9) and SCI research participants (n ¼ 11) wore a harness and were suspended by an overhead, pneumatic BWS system (Vigor, Stevensville, MI, USA). SCI research participants were provided with manual assistance by trainers as necessary at the trunk and legs.
Data acquisition and analyses
Blood pressure was measured manually by the same examiner using a standard calibrated sphygmomanometer (Tycos 509 Mobile Aneroid, Welch Allyn Inc.). HR was obtained using an oxymeter (Nonin Onyx 9500, Nonin Medical Inc.) on the index finger of the opposite arm from the blood pressure measurements. Data were used from the 5 min measurement for all hemodynamic parameters. MAP was calculated using the formula (DBP þ (SBPÀDBP)/3). In the present study, orthostatic hypotension was identified by using criteria established by the American Autonomic Society and the American Academy of Neurology: patients who had systolic blood pressure drop of 20 mmHg or greater or diastolic blood pressure drop of 10 mmHg or greater within 3 min of sitting up were designated as orthostatically hypotensive. 32 Statistical analysis Data were statistically analyzed using SigmaStat for Windows Version 2.03 (SSPS Inc., Chicago, IL, USA). Paired t-tests were used to identify significant differences in hemodynamic parameters between the experimental events. Differences among cervical SCI, thoracic SCI, and able-bodied individuals were assessed using oneway ANOVA. Post hoc analysis of means was performed using the Tukey-Kramer test. An alpha level of 0.05 was used for statistical significance.
Results
Demographic data of participants Eleven individuals with a cervical (n ¼ 6) or thoracic (n ¼ 5) SCI and nine able-bodied individuals participated in the study. The majority of SCI individuals were male (92%) with age range 21-55 years (average 31.8711.3 years; Table 1 ). All individuals sustained a traumatic SCI in our study. The average time postinjury was 5.878.3 years. Able-bodied individuals (four male, five female) were in the age range 19-48 years (average 23.479.3 years). There was no difference in average age between able-bodied and SCI individuals.
Effect of harness application on cardiovascular parameters Average systolic and diastolic arterial blood pressures were lower in individuals with cervical SCI (8677/ 5477 mmHg) than thoracic SCI (10678/6576 mmHg) and able-bodied individuals (10976/6973 mmHg; Pp0.05). Able-bodied individuals had minimal changes in hemodynamic parameters following harness application in the supine position or when sitting with and without the harness were compared (Figure 3 ). In individuals with thoracic SCI, there was no immediate effect of harness on cardiovascular parameters when applied in the supine position; however, diastolic pressure was significantly higher during sitting with the harness. In individuals with cervical SCI, only diastolic pressure increased with application of harness while in supine position; however, while sitting in the wheelchair, the harness application significantly increased arterial blood pressure.
Effect of postural changes on baseline cardiovascular parameters Able-bodied individuals had significant decreases in diastolic blood pressure and HR when moving from sitting to supine position ( Figure 3 ). Individuals with thoracic SCI had no response in cardiovascular parameters when moved to the supine position. In contrast, individuals with cervical SCI had a significant (Po0.05) increase in systolic blood pressure and significant (Po0.05) decrease in HR in supine compared to sitting positions. Able-bodied and thoracic SCI individuals responded to orthostatic stress induced by the body weight support system raising them to the upright standing position with increases in diastolic pressure and HR. Individuals with cervical SCI suffered orthostatic hypotension with statistically and clinically significant decreases in arterial blood pressure. Noticeable bradycardia was present in all individuals with cervical SCI Figure 2 The sequence of events during hemodynamic data collection for able-bodied and SCI research participants. Arterial blood pressure and HR were measured during sitting without a harness (S), lying supine without a harness (SUP), lying supine with the harness (SUP-H), sitting with the harness (S-H), and standing with the harness (ST-H). 
Discussion
Baseline cardiovascular parameters In our present study, basal arterial blood pressure in sitting position was significantly lower in individuals with cervical SCI than in thoracic and able-bodied controls. Low arterial blood pressure is a common problem in both acute and chronic high-level SCI patients. It was reported previously that there is an inverse linear relationship between the level of SCI and resting blood pressure. 6, 8, 11 The reduction in sympathetic drive below the level of SCI is thought to be responsible for the lower resting blood pressure in individuals with SCI. 5 Frankel and Mathias 33 recorded the resting blood pressure of 461 male patients with traumatic complete SCI and observed an inverse linear relationship between the level of SCI and resting blood pressure. In another study, Lehmann et al 34 presented similar data in 71 consecutive patients admitted to a neurological intensive care unit within 12 months of SCI. The resting supine blood pressure of patients with complete cervical SCI was lower than that of normal individuals; the resting supine blood pressure of patients with lower thoracic and lumbar lesions was similar to control individuals. 34 Cardiovascular responses to postural changes When able-bodied individuals assume upright posture, this activates a cascade of autonomic and hemodynamic adjustments: right and left stroke volumes decline, HR increases owing to vagal withdrawal; in contrast, there is an increase in sympathetic activation resulting in increased peripheral resistance. 35, 36 These responses prevent the displacement of blood volume towards the lower body and allow to maintain a sufficient brain perfusion on assumption of upright position. In ablebodied individual, the normal response to standing is usually limited to minimal hemodynamic changes: a fall in systolic blood pressure ranging from 5 to 10 mmHg, a similar increase in diastolic blood pressure, as well as an increase in HR of 10-25 b.p.m. 37 However, in individuals with SCI, in addition to the low basal arterial blood pressure that is a feature of SCI, they also experience further drops in blood pressure on assuming the upright posture (known as orthostatic hypotension). 9, 11, 15 Presently, orthostatic hypotension is considered when systolic blood pressure decreases by at least 20 mmHg and diastolic by at least of 10 mmHg within 3 min of standing or the trunk being elevated to a position of more than 601. 32 Individuals usually report lightheadedness, dizziness, and blurred vision with episodes of orthostatic hypotension. 38 Illman et al 14 reported that 58.9% of SCI individuals who developed orthostatic hypotension presented with these symptoms. Frisbie and 
Steele
39 reported dizziness and fainting in 100% of patients with orthostatic hypotension owing to SCI and lesion rostral to T7. It is important to mention that other symptoms of orthostatic hypotension, including fatigue or weakness (67%), could be very disabling for these individuals, preventing them from rehabilitation or even activities of daily living. 39 Effect of abdominal compression on cardiovascular parameters As we indicated in the introduction, the main goal of this study was to examine the effect of harness application of baseline cardiovascular parameters in individuals with SCI before making any conclusions of effects of body weight support training on cardiovascular parameters. Harness applications for the support of SCI individual for standing in some ways are similar to the abdominal binders that were previously utilized for management of orthostatic hypotension in different conditions including SCI. 6, 40, 41 The splanchnic circulation could contain up to 25% of blood volume at rest and consists of large highly complaint venous bed. 42 In individuals with autonomic dysfunctions, including individuals with SCI, impaired splanchnic autonomic control leads to increased splanchnic blood volume with orthostatic challenge. 6 A variety of pharmacological and non-pharmacological methods are presently used in order to decrease orthostatic hypotension and to ameliorate related symptoms. 15, 30, 41, 43 One of the non-pharmacological alternatives commonly used in individuals with orthostatic hypotension is the application of external counterpressure in order to decrease capacitance of the vasculature beds in legs and abdominal cavity -the major areas of blood pool during standing. 40, 41, [44] [45] [46] Previously, numerous studies evaluated effects of chest and abdominal binders on cardiovascular parameters owing to increased intrathoracic pressure. 47, 48 The authors reported that changes in intrathoracic pressure were associated with reciprocal changes in both intrathoracic vascular pressures and blood volume. For example, in animals with acute ventricular failure, stroke volume increased with increasing introthoracic pressure. 47 We also would like to acknowledge the possible effects of abdominal binders on respiratory modulation and blood pressure. In individuals with low cervical SCI, spontaneous respiration is dependent mostly on diaphragmatic breathing. 49, 50 When individuals with SCI are in a supine position, the diaphragm has increased inspiratory excursion owing to more favorable muscle tension with abdominal content pressing on the diaphragm. 49 Therefore, the presence of the abdominal binder supports the paralyzed abdominal muscles and relocates abdominal content close to the diaphragm resulting in increased contractile capacity of the diaphragm. Furthermore, additional abdominal pressure redistributes blood from abdominal content to the circulatory system. However, it was shown in ablebodied individuals that diaphragmatic breathing by itself results in increased intra-abdominal pressure. Diaphragmatic breathing in able-bodied individuals also impedes venous flow in femoral veins and abolishes venous return over the last three-quarters of a breath. 51 Therefore, an abdominal binder could further increase intra-abdominal pressure and compromise the venous return to the thorax.
Furthermore, studies with use of an anti-gravity suit that increased lower-body positive pressure in individuals with SCI also demonstrated an increase of cardiac output and stroke volume. 40, 52 For symptomatic treatment, numerous investigators reported benefit of abdominal binders in individuals with orthostatic hypotension owing to various disorders including SCI. 52, 53 Also, the application of abdominal binders has reduced dizziness, lessened blurred vision, and decreased fatigue in the sitting or the standing position in these individuals.
Denq et al 45 reported that compression of the abdomen is by far the most effective site to improve standing arterial pressure in patients with orthostatic hypotension. More recently, Smit et al 41 in a cohort of 23 individuals with orthostatic hypotension of varying etiology also demonstrated that abdominal compression significantly improves upright blood pressure by an increase in stroke volume. In individuals with SCI, the data are somewhat inconsistent. Some investigators reported that abdominal binders did not alter physiological measures, 44 whereas others indicated that abdominal binders or stockings improve cardiovascular as well as respiratory parameters. 40, 54 Our data demonstrated that harness application did not change cardiovascular parameters in able-bodied controls and individuals with thoracic SCI. There was a significant increase in arterial blood pressure in individuals with cervical SCI in sitting position following harness application. These findings are not surprising and are similar to previous observations with improved homodynamic parameters with abdominal binders in SCI individuals. 40, 52 Interestingly, despite the use of the harness, individuals with cervical SCI were not able to maintain their arterial blood pressure following standing. This signifies that harness application did not prevent development of orthostatic hypotension in individuals with cervical SCI. The failure of the harness to support arterial blood pressure following standing and resulted orthostatic hypotension appears to be related to numerous factors including excessive pooling of blood in the viscera and lower extremities, presumably owing to the absence or low level of tonic sympathetic activity below the lesion. 11 This is likely to be compounded by the loss of function and atrophy of lower extremity muscle that are known to be important in counteracting venous pooling in the upright position despite the low venous compliance reported in individuals with SCI. 12, 55 The altered cardiovascular responses during orthostatic stress in subjects with SCI do not seem to be the product of altered venous compliance but are a result of a combination of numerous factors: possible skeletal muscle and venous vascular morphological changes, alteration in baroreceptor sensitivity, and failure of redistribution of the blood volume.
Limitations of the study
The authors would also like to outline some limitations of the study. In addition to disrupted sympathetic outflow and deconditioning, other factors could contribute to the orthostatic instability in individuals with SCI. For example, medication, presence of the peripheral neuropathy, decreased circulatory volume, and low sodium concentration are among common causes of orthostatic hypotension. 15 Although we did not evaluate circulatory volumes, or performed nerve conduction studies on our participants, inclusion criteria were restricted to individuals with no history of diabetes or other neurological disorders and was on those with stable medical condition within the last 6 months. Individuals with use of vasoactive medications for management of blood pressure were also excluded from this study.
We would also like to mention that the protocol for the orthostatic testing was somewhat unusual (Figure 2 ). The order of the positions was chosen for the convenience of participants and limited unnecessary transfers for participants. Unfortunately, we did not have the opportunity for continuous measurements of the arterial blood pressure and HR in our study. Therefore, we could predict that in some instances, the peak of decrease or increase in blood pressure or HR was missed with the sampling at 1 min intervals. However, we believe that this small artifact will not undermine our findings with respect to observed effects of harness application on cardiovascular parameters in our subjects.
Conclusions
Numerous factors could contribute to unstable blood pressure control with significant swings from low basal blood pressure to episodes of hypertension, in individuals with SCI. Low sympathetic tone, decrease of mobility, and deconditioning are among these factors. Before evaluating the effects of body weight support training on cardiovascular parameters, the authors examined an important technical aspect of this intervention: harness aplication. Application of harness in individuals with SCI could alter baseline cardiovascular parameters and response to orthostatic stress before training. These findings could be particularly valuable and have to be carefully considered while conducting clinical trials and assessing effects of therapeutic interventions in individuals with SCI.
